Several studies have recently demonstrated that the volumes of specific brain regions are reduced in children and adolescents with post-traumatic stress disorder (PTSD) compared with those of healthy controls. Our study investigated the potential association between early traumatic experiences and altered brain regions and functions. We conducted a systematic review of the scientific literature regarding functional magnetic resonance imaging and a meta-analysis of structural magnetic resonance imaging studies that investigated cerebral region volumes in pediatric patients with PTSD. We searched for articles from 2000 to 2014 in the PsycINFO, PubMed, Medline, Lilacs, and ISI (Web of Knowledge) databases. All data regarding the amygdala, hippocampus, corpus callosum, brain, and intracranial volumes that fit the inclusion criteria were extracted and combined in a meta-analysis that assessed differences between groups. The meta-analysis found reduced total corpus callosum areas and reduced total cerebral and intracranial volumes in the patients with PTSD. The total hippocampus (left and right hippocampus) and gray matter volumes of the amygdala and frontal lobe were also reduced, but these differences were not significant. The functional studies revealed differences in brain region activation in response to stimuli in the post-traumatic stress symptoms/PTSD group. Our results confirmed that the pediatric patients with PTSD exhibited structural and functional brain abnormalities and that some of the abnormalities occurred in different brain regions than those observed in adults.
groups. The meta-analysis found reduced total corpus callosum areas and reduced total cerebral and intracranial volumes in the patients with PTSD. The total hippocampus (left and right hippocampus) and gray matter volumes of the amygdala and frontal lobe were also reduced, but these differences were not significant. The functional studies revealed differences in brain region activation in response to stimuli in the post-traumatic stress symptoms/PTSD group. Our results confirmed that the pediatric patients with PTSD exhibited structural and functional brain abnormalities and that some of the abnormalities occurred in different brain regions than those observed in adults.
Key words: adolescent, anxiety disorders, child, functional neuroimaging, magnetic resonance imaging. E XPOSURE TO A traumatic event is a criterion for the diagnosis of post-traumatic stress disorder (PTSD). 1, 2 According to epidemiological studies, 40-90% of people will be exposed to at least one traumatic event in their lifetime. 3 One in 10 individuals who are exposed to a life-threatening traumatic event will develop PTSD, 4 and the prevalence can be higher in children. 5 The criteria for the disorder consist of the following four groups of symptoms that are present 30 days or more after a traumatic event: re-experiencing, avoidance, hyperarousal, and negative alterations in cognitions and mood. 2 PTSD presentation in children differs from that in adults. These differences include disorganized or agitated behavior and repetitive play with themes or aspects of the trauma. Blom and Oberink 6 reported an exponential increase in the number of studies performed on pediatric PTSD. These authors indicated that the prevalence of children with posttraumatic stress symptoms (PTSS) varies from 25% to 76.5%, and on average, 30% of children who experienced symptoms developed PTSD.
In clinical populations (children and adolescents) with PTSS, the comorbidities of mood, anxiety, and behavioral disorders are high. [7] [8] [9] Youth with PTSS have functional impairments 10 and cognitive, social, and emotional deficits. [11] [12] [13] Magnetic resonance imaging (MRI) studies related to PTSD have demonstrated neurostructural alterations. There is evidence for volumetric reductions in or atrophy of the hippocampus, [14] [15] [16] [17] amygdala, 18, 19 anterior cingulate gyrus, 19, 20 corpus callosum, 21, 22 and temporal and frontal gray matter. 23 Children and adolescents with PTSD exhibit significant reductions in intracranial and cerebral volumes. [24] [25] [26] Reductions in the volumes of the hippocampus, [27] [28] [29] frontal lobe, 24 prefrontal cortex, 21, 30 cerebellum, 31 and bilateral ventricular enlargement 25 have been reported in this population. These changes suggest generalized atrophy and impairments in brain development. 32 Although the mechanisms that mediate this altered brain development are not clear, persistent or severe stress has been correlated with the decreased expression of brain-derived neurotrophic factor (BDNF). 32 Both the endocrine system and the hypothalamus-pituitaryadrenal (HPA) axis 33, 34 can contribute to impaired brain development through several mechanisms. Studies have described mechanisms, such as accelerated neuronal loss, 35 abnormalities in neuronal pruning, delayed myelination, and/or impaired neurogenesis. 36 The hippocampus is a gray matter limbic system structure that is involved in explicit (declarative) memory, working memory, and memory for episodic events. 37 It is engaged during the encoding and retrieval of information. 38 This area is rich in glucocorticoid receptors and is vulnerable to neurochemical changes 39 that result from chronic stress and the excess release of glucocorticoids. 40, 41 There is evidence for smaller hippocampal volumes in adults who have been exposed to severe childhood stress. [42] [43] [44] [45] Unlike adults, the absence of reduced hippocampal volume has been reported in children and adolescents with PTSD. 24, 26, 33 The prefrontal cortex (PFC) is an anterior frontal lobe structure (one of the last regions to mature) that participates in the modulation of emotional responses to adverse stimuli 46 (fundamental cognitive processes), in the shifting of attention, and also contributes to learning processes. 47 The corpus callosum (CC) is the primary commissure of the brain and controls interhemispheric communication. 37 The amygdala is important for behavioral regulation 48 and the assessment of potentially threatening stimuli. 49 This review evaluates structural and functional neuroimaging studies of children and adolescents who have experienced PTSD that were reported from 2000 to 2014 and presents the findings in a metaanalysis. Substantial research has been conducted on this topic using adult samples; however, less work has been done in pediatric populations. No studies in the literature have combined all of the results obtained to date on this subject. Therefore, the consistency of previously published data will be analyzed to improve our understanding of this area of research.
METHODS
We searched for neuroimaging studies published between 2000 and 2014 on children and adolescents with PTSD. The databases included PsycINFO, PubMed, Medline, Lilacs, and ISI (Web of Knowledge). The following medical subject heading (MeSH) categories were used: pediatrics, PTSD, children, child, adolescent, neuroimage, functional MRI (fMRI), and MRI. We included studies that met the following criteria: (i) the samples comprised children and/or adolescents (under 18 years of age); (ii) psychotropic-naïve participants; (iii) at least one healthy control group; (iv) the subjects underwent brain MRI scans; (v) PTSD/PTSS diagnoses established according to the DSM-III, DSM-IV, or ICD-10 criteria after semi-structured interviews were administered by trained raters; and (vi) brain areas were evaluated by structural and/or fMRI. The results were expanded by reviewing the references of the selected articles.
All studies comparing volumetric data from cerebral areas obtained from MRI scans of children and adolescents with PTSD and paired healthy controls were eligible for inclusion in this review. To define eligibility, two reviewers analyzed the abstract of each reference identified in the search. Finally, all articles were evaluated to determine whether they fulfilled all inclusion criteria. The reviewers independently rated each study in terms of eligibility. Their evaluations were then compared, and in cases of disagreement, a final judgment was achieved through consensus.
The studies differed regarding the volumetric measures adopted. The selected outcomes were volume (cm 3 ) of the amygdala and hippocampus, total cerebral and intracranial volumes, and corpus callosum area (cm All eight fMRI studies were evaluated; however, only six were eligible for this systematic review (none of the studies used the same methodological procedure, which rendered those studies unsuitable for meta-analysis).
STATISTICAL PROCEDURES
A meta-analysis was performed based on the average quantities identified in the selected studies for the case and control groups. We calculated the mean differences between groups, and the overall difference was weighted according to the sample size of each study considering fixed-and random-effects models. To assess the heterogeneity between groups, we used the R-squared and tau-squared statistical methods. All analyses were performed using the free R.2.14 software (www.r-project.org).
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RESULTS
The reports of 34 separate trials were retrieved to obtain more detailed information (Table 1) . 8, 21, 24, [26] [27] [28] [29] 31, 37, 44, 46, Thirteen trials met the inclusion criteria and were included in this meta-analysis. Two articles were not included in the meta-analysis because they were the only articles that analyzed a specific brain region, but these articles are commented on below. Four studies analyzed the total, right, and left amygdala volumes; six studies measured the total cerebral volumes; three studies measured the total corpus callosum areas; four studies measured the total, left, and right hippocampal volumes; three studies measured the intracranial volumes; two studies measured the total, right, and left gray matter volumes; and two studies measured the cerebral gray matter volumes and the total frontal lobe gray matter volumes.
Among the trials that failed to meet the inclusion criteria, nine did not use standard diagnostic criteria. 29, 51, 53, 57, 61, 68, [72] [73] [74] Two other publications were excluded because they reported post-hoc or preliminary results or because their findings appeared in other publications. 37 
Meta-analysis 3: Total corpus callosum area
Three studies 25, 26, 58 were included in this comparison (420 patients [117 cases and 303 controls]). Our study revealed that the total corpus callosum area was smaller in the patients with PTSD/PTSS (fixed-effects model: MD = −0.78; 95%CI, −1.15, −0.41; random-effects model: MD = −0.94; 95%CI, −1.71, 0.17) than in the healthy controls (Fig. 1) .
Meta-analysis 4: Intracranial volume
Three studies 25, 26, 31 were included in this comparison (433 patients [147 cases and 286 controls]). Our study demonstrated that the intracranial volume was smaller in the patients with PTSD/PTSS (fixed-and random-effects model MD = −83.0; 95%CI, −112.50, −53.49) than in the healthy controls (Fig. 2) .
Meta-analysis 5: Total cerebral volume
Six studies [24] [25] [26] [27] 30, 31 were included in this comparison (544 patients [210 cases and 334 controls]). Our study revealed that the total cerebral volume was smaller in the patients with PTSD/PTSS (fixedand random-effects models: MD = −72.23; 95%CI, −94.34, −50.12) than in the healthy controls (Fig. 3) . 
Meta-analysis 7: Cerebral gray matter volumes
Two studies of cerebral gray matter volume 24, 25 were included (231 patients [85 cases and 146 controls]). The cerebral gray matter volumes were smaller in the patients with PTSD/PTSS than in the controls (MD = −37.54; 95%CI, −58.23, −16.85, Fig. 5 ). The total frontal lobe gray matter volume exhibited only a trend toward a lower value (MD = −4.08; 95%CI, −9.04, 0.88). 
fMRI
Six studies fulfilled the inclusion criteria; 66, 71, [76] [77] [78] [79] however, because the original datasets were not available, we could not perform an image-based meta-analysis. We were able to perform a systematic review (Table 2) .
21,71,76-81
Carrion et al. 66 evaluated 16 youths with PTSS and 11 healthy controls who performed a verbal declarative memory task (40 visually presented nouns with 32 of the same words in the retrieval phase plus 16 new words). These authors observed reduced right hippocampal activation in the PTSS group, and the healthy controls exhibited greater right and left hippocampal activations. Moreover, the severities of the avoidance and numbing (Cluster C) symptoms were correlated with reduced left hippocampal activation in the PTSS group during the retrieval component of the task. These authors suggested that decreased activity in the hippocampus during a verbal memory task could be a neurofunctional marker of PTSS in youth that are exposed to interpersonal trauma.
Youths with histories of interpersonal trauma (23 youths with PTSS and 23 healthy controls) were also studied in an implicit emotional facial expression task. 71 The PTSS group exhibited altered activation to neutral faces and emotional expressions and altered timing of the activations in the amygdala and hippocampus. In response to happy faces, activation was increased in the ventrolateral prefrontal cortex and decreased in the dorsolateral prefrontal cortex. These authors hypothesized that this altered activation suggested that the subjects' emotional regulation was altered and also that the lack of sensitization to happy faces may be related to anhedonia or numbing symptoms (medial prefrontal cortex activation, which is related to the extinction of conditioned fear and emotional regulation, was correlated with the severity of PTSD symptoms based on scores for the Clinician-Administered PTSD Scale for Children and Adolescents [CAPS-CA]). A trend toward a decreased task accuracy during the trials with fearful faces was observed, and the authors suggested that the PTSS group exhibited a pervasive avoidance of processing fearful faces (these authors justified the increased medial prefrontal activation during this phase as reflective of attentional regulation to avoid processing the fearful faces). A response inhibition task (Go/No-go) was performed by youths in the study of Carrion et al. 77 These authors found that the left middle frontal cortices and the middle frontal gyri of healthy controls were significantly more active than those in the PTSS group. Moreover, activation in the right insula was significantly correlated with Cluster C and D scores (i.e., avoidance/numbing and hyperarousal symptoms), and PTSS (CAPS-CA score) was positively correlated with the activation of the right insula, which suggests that the patients in the PTSS group were not utilizing key areas of the frontal cortex to the same extent as the healthy controls. The PTSS group exhibited increased activation in the medial, frontal, and anterior cingulate gyri. These authors also investigated a subgroup with self-injury behavior (SIB) who presented with higher activity in the right orbitofrontal gyrus than the PTSS and non-SIB groups. The orbitofrontal cortex (OFC) integrates visceral and sensory information to produce an emotional state, and the authors suggested that the OFC is fundamental in associating stimuli with their reinforcement value in conditioning paradigms.
One study investigated amygdala reactivity following the terrorist attack at the 2013 Boston Marathon. 79 Adolescents who had undergone MRI scans (2 years prior to the event) were recruited, and 15 were re-scanned after the attack while performing an fMRI task using the International Affective Picture System with only negative and neutral images. The amygdala and ventral medial PFC exhibited significantly greater activation during the viewing of negative emotional stimuli. Through region-of-interest analyses, the researchers observed that the activation of the left amygdala in response to negative pictures was positively associated with PTSD symptoms, which provided evidence that amygdala reactivity to negative emotional stimuli (when measured prior to a terrorist attack) is associated with the subsequent onset of post-traumatic symptoms. These authors concluded that their findings, together with those of studies performed in military populations, suggest that amygdala reactivity represents a vulnerability marker for PTSD.
Adolescent girls 76 who were the victims of violent assaults participated in an implicit emotionalprocessing task (faces from the NinStim facial stimuli set were used). Through network-level analysis, Cisler et al. 76 demonstrated altered patterns of functional connectivity within each network (i.e., the frontocingulate and frontoparietal networks). Moreover, the default mode network appeared as a result of exposure to an assault, and PTSD severity was significantly associated with weakened functional connectivity between the left amygdala, the perigenual anterior cingulate cortex and the pre-supplementary motor area. These authors suggested that these results may represent a neurobiological mechanism that mediates emotional regulation difficulties that have been noted among individuals with PTSD and indicated that the restraints that are associated with the detection of salient information are the products of PTSD. The group also proposed that functional connectivity patterns associated with PTSD severity in the frontocingulate and frontoparietal networks are modulated by family disengagement (family characteristics can modulate the same functional connections as those associated with PTSD symptoms).
Yang et al. 78 evaluated 11 adolescents who experienced an earthquake (14 months after the trauma), and five developed PTSD. A visual paradigm involving 20 neutral pictures and 20 earthquake pictures was used, and the PTSD group exhibited bilateral activation in the visual association cortex, cerebellum, and left parahippocampal area as well as increased activation of the bilateral inferior frontal gyri and left cerebellar hemisphere. However, the PTSD group exhibited lower activation of the anterior cingulate gyrus. These authors concluded that these findings suggested the involvement of the limbic-paralimbic and visual systems and that neurophysiological alterations can develop due to exposure to trauma in individuals with PTSD.
DISCUSSION
Our meta-analysis found that, on average, the total corpus callosum area, total intracranial and cerebral volumes, and brain gray matter volume (cerebral and total) of patients with PTSD/PTSS are reduced compared with those of healthy controls. However, we observed only a trend that indicated a smaller total volume of the amygdala in patients with PTSD/PTSS. Additionally, trends toward larger left, right, and total hippocampal volumes were observed in the patients diagnosed with PTSD/PTSS compared with those of the healthy controls. The lack of uniformity between these studies may have influenced our findings.
Our results are similar to those published by De Bellis et al. 26 who evaluated 28 children and adolescents with PTSD related to maltreatment. These researchers reported smaller intracranial volumes and corpus callosum areas in the patients with PTSD than in the healthy control subjects. The authors did not find significant differences in the amygdalar or hippocampal volumes, but they did report a correlation between reduced intracranial volume and the duration of maltreatment (in years). The patients with PTSD exhibited a smaller midsagittal area of the corpus callosum and smaller middle and posterior subregions compared with those of the control subjects. Similar results were also observed in a study conducted by Teicher et al. 82 who examined physically abused and neglected children (who had not been evaluated for PTSD) and compared the results with those of psychiatrically ill nonmaltreated controls. 82 Tupler and De Bellis 28 compared 61 psychotropicnaïve maltreated children and adolescents with chronic PTSD (aged 4-17 years) with 122 paired healthy non-abused control subjects. Eighty-seven percent of all patients from the experimental group had comorbid mental disorders, and 70% had multiple comorbidities. These comorbidities functioned as confounding factors, which prevented the authors from discerning the contribution of PTSD to the observed reduced hippocampal volume.
Carrion et al. 21 studied the regional volume of the PFC in children with a history of trauma and PTSS. These authors observed that the gray matter volumes of the middle, inferior, and ventral regions were significantly larger than those in the healthy controls (post-hoc analyses were conducted to control for the effects of comorbid attention-deficit/hyperactivity disorder and major depressive disorder). These authors suggested that the aberrant development of these regions is associated with childhood trauma and post-traumatic stress and that these results also indicate that differences in adjustments following childhood traumatization may be related to differences in cognitive function (the dorsal PFC is involved in information processing and executive function). 46 The PFC is one of the last regions to mature during brain development and is likely more prone to be affected by adverse conditions. Further studies analyzing this region are needed to clarify the effects of the timing of trauma on development.
There are conflicting data regarding hippocampal development. In a review of cross-sectional studies performed by Durston et al., 83 hippocampal volume was found to increase with age; however, some of the significant findings were restricted to female subjects. In 2004, Van Petten 84 found that the hippocampus reaches its maximum size by the age of 3 years and exhibits little change from 4 to 18 years of age. Because cerebral volume continues to increase during these years, the hippocampus represents a declining proportion of brain tissue during development. Tupler and De Bellis 28 observed a trend of decreasing left hippocampal volume in children in a longitudinal study and found a significant positive cross-sectional correlation between hippocampal volume and age.
According to Tupler and De Bellis, 28 hippocampal volume is associated with the behavioral problems that accompany PTSD in children and adolescents. Developmental factors may account for the differences between the findings of PTSD studies undertaken among children and adolescents and those undertaken in adults, which typically report smaller hippocampal volumes. 14, 85, 86 A smaller hippocampal volume could be related to a latent effect that manifests later in adolescence or adulthood. 29 The cerebellum was studied by De Bellis and Kuchibhatla 31 (58 children and adolescents with PTSD, including 13 generalized anxiety disorder cases and 98 healthy controls). These authors found that cerebellar volume was positively correlated with the age of onset of the trauma that led to PTSD and was negatively correlated with the duration of the trauma, which, according to these authors, suggests that childhood trauma may hinder cerebellar development (which is involved in executive functions for sustaining attention, 87 motor and non-motor learning, 88 future planning, 89 and verbal short-term memory). 90 Only one study has evaluated pituitary volume. 59 The authors of this study found that maltreated children with PTSD exhibit greater differences in pituitary volume as they age than control subjects. Through separate analyses of prepubertal and pubertal/postpubertal subjects, significantly larger pituitary volumes were found in the pubertal/ postpubertal group with PTSD than in the control subjects. The authors concluded that synergistic trophic factors affect pituitary development in the context of PTSD. One study conducted by Our results demonstrated that PTSD/PTSS is associated with abnormalities in multiple frontal-limbic structures (as found in the adult studies). 45 Our study was limited by the differences in the methodologies of the included studies. For example, subjects of different ages were included in some of the studies, and therefore, the brain maturation periods differed. We reviewed several brain studies of children and adolescents who were the victims of violence and had developed PTSD/PTSS; however, these studies measured various areas of the brain and had small sample sizes (literature based on small samples sizes is difficult to interpret in isolation). 92, 93 Moreover, we observed that some of the reports presented discrepant results. The small sample sizes could partially explain these discrepancies. In the study by De Bellis et al. 26 the intracranial and cerebral volumes were found to be smaller in subjects with maltreatment-related PTSD than in control subjects; however, these results are inconsistent with those of a 1999 study by the same authors. 33 Additionally, the reviewed studies evaluated different Tanner Stages (I-V) in the samples. Tanner stage affects brain development; therefore, it is important to understand if the problem is related to the time at which the trauma occurs (at different stages of brain maturation and sexual development) or if both are important (the study designs were unable to provide information that could be used to answer this question). This knowledge may help to guide clinicians in approaching patients and their social and cognitive impairments.
Other limitations of this review were that many of the studies used the same sample of children and adolescents in the examinations of different brain regions. Consequently, the sample that was available for analysis was significantly smaller than the number of articles. Additionally, the studies evaluated children and adolescents who were victims of multiple traumatic events. Future research could evaluate one instance of trauma in a sample to determine whether the effects of different traumatic events differ in terms of clinical presentation, prognosis, and alterations in the brain regions of associated PTSD cases.
The functional studies revealed differences in brain region activations during the stimuli in the PTSS/PTSD group. Reduced activation of the right hippocampus was detected by Carrion et al. 66 whereas increased activation was observed by Carrion et al. 77 The amygdala exhibited greater activation in the PTSS/PTSD groups with two different paradigms 71, 79 involving the viewing of facial images. The authors of a study using the International Affective Picture System paradigm 79 concluded that amygdala reactivity to negative emotional information might represent a neurobiological marker of vulnerability to traumatic stress and a potential risk factor for PTSD, and Garrett et al. 71 postulated that traumatic stress may influence the development of brain regions that are important for emotional processing.
One group used network level analysis. 76 These authors found that the frontocingulate network (which is theorized to mediate the detection and integration of external and internal cues) and PTSD severity were associated with weakened functional connectivity between the left amygdala and the perigenual anterior cingulate. Decreased activation in the anterior cingulate was also observed by Yang et al. 78 In the frontoparietal network (or the central executive network, which is responsible for mediating planning, working memory, and executive functioning), weakened connectivities with the right premotor cortex (which contains a group of neural regions across the network, including the right parietal cortex), the medial frontal cortex, and the right middle temporal gyrus were observed. These authors postulated that these findings might indicate a weakened ability to integrate action planning with other cognitive processes. 76 Researchers have also analyzed the default mode network (which mediates self-referential mentation) and observed strengthened connectivity of the ventral medial PFC with the left parahippocampus, whereas PTSD symptom severity was found to be positively correlated with functional connectivity between the left middle frontal gyrus and right parahippocampus. 76 Another study observed that the left parahippocampal gyrus was more activated during the viewing of event pictures of an earthquake in the victims than in the healthy controls. 78 The functional studies used different methodologies, and no results in children and/or adolescents have been replicated (notably, the results have been replicated in adults), which makes each study unique. Thus, it is important to replicate these studies and to utilize the same methods to ensure comparability with the existing literature. Moreover, the complete original imaging data were not available; thus, we could not perform an image-based metaanalysis. Researchers could benefit by pooling studies employing image-based meta-analysis and coordinate-based meta-analysis approaches, but it is necessary to publish data in a different manner (i.e., not only publishing the deviations).
In conclusion, our findings suggest that functional and structural brain abnormalities are present in children and adolescents who have been diagnosed with pediatric PTSD. 45 However, it remains unclear how these structural changes affect brain functioning and whether these changes can be reversed with suitable treatments. Brain development is affected during childhood and adolescence by many factors, including maltreatment and many forms of violence. Because this process is dynamic, longitudinal studies are warranted to determine the psychobiological consequences of childhood traumatization, to clarify the etiology and/or clinical progress of PTSD, and to provide novel strategies to target the prevention, detection, and treatment of PTSD. 
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